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Abstract

Local adaptation to annually changing environments has evolved in numerous spe-
cies. Seasonal coat colour change is an adaptation that has evolved in multiple mam-
mal and bird species occupying areas that experience seasonal snow cover. It has a
critical impact on fitness as predation risk may increase when an individual is mis-
matched against its habitat's background colour. In this paper, we investigate the cor-
relation between landscape covariates and moult timing in a native winter-adapted
herbivore, the mountain hare (Lepus timidus), throughout Norway. Data was collected
between 2011 and 2019 at 678 camera trap locations deployed across an environ-
mental gradient. Based on this data, we created a Bayesian multinomial logistic re-
gression model that quantified the correlations between landscape covariates and
coat colour phenology and analysed among season and year moult timing variation.
Our results demonstrate that mountain hare moult timing is strongly correlated with
altitude and latitude with hares that live at higher latitudes and altitudes keeping their
winter white coats for longer than their conspecifics that inhabit lower latitudes and
altitudes. Moult timing was also weakly correlated with climate zone with hares that
live in coastal climates keeping their winter white coats for longer than hares that live
in continental climates. We found evidence of some among year moult timing varia-
tion in spring, but not in autumn. We conclude that mountain hare moult timing has

adapted to local environmental conditions throughout Norway.
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changing environmental conditions may evolve. Numerous species

have evolved to time their life history events to match these changes

For species living in seasonal environments (e.g. from summer to in local seasonal conditions (Bradshaw & Holzapfel, 2007; Williams

winter or from dry to wet season) local adaptations to annually etal.,2015). Totime these phenological events,onereliable ‘zeitgeber’
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is daylength or photoperiod (Gwinner, 2003; Hofman, 2004), either
on its own or in combination with other variables, such as tempera-
ture (Jackes & Watson, 1975; Larkin et al., 2001; Watson, 1963) and
snow cover (Flux, 1970; Watson, 1963; Zimova et al., 2014).

Many animal species use photoperiod to time breeding (Coppack &
Pulido, 2004; Dawson et al., 2001; Goldman, 1991; Gwinner, 1996b),
moulting (Bissonnette & Bailey, 1944; Lesher & Kendeigh, 1941;
Lyman, 1943), migration (Gwinner, 1996a) and other life history events.
As photoperiod remains constant between years at specific locations,
between year variation in local conditions could result in photoperiod
timed phenological events being mistimed against the local environ-
ment. Fluctuations in environmental variables, such as precipitation
(Villellas et al., 2014) and temperature (Ashmore & Janzen, 2003;
Kreyling et al., 2019), can result in increased within-species phenotypic
variation in a variety of plant and animal species when compared to
individuals of the same species that live in more stable habitats. Conse-
quently, synchrony in phenological timing of individuals within a popu-
lation is expected to increase with climate stability.

Animals occupying areas that are seasonally covered by snow live
in environments that change from dark in summer to white in winter.
As a predator avoidance strategy, at least 21 species have adapted
seasonal changes in colouration of fur and feather (Mills et al., 2018;
Zimova et al., 2018), which provides camouflage in both a winter white
and summer dark landscapes (Cott, 1940; Merilaita & Lind, 2005; Wal-
lace, 1879). To provide optimal camouflage, the timing of coat colour
change should be synchronised with the period of continuous snow
cover. Mismatched timing of coat colour change is linked to range
contractions and population declines in several species including
snowshoe hares (Lepus americanus) (Diefenbach et al., 2016; Sultaire
et al., 2016), mountain hares (Lepus timidus) (Acevedo et al., 2012; Ped-
ersen et al., 2017), rock ptarmigan (Lagopus muta) (Imperio et al., 2013)
and white-tailed ptarmigan (Lagopus leucura) (Wang et al., 2002), show-
ing the importance of synchronising moult timing to habitat conditions.
However, snow conditions might not be stable from year to year, and
there might be seasonal differences in the predictability of the appear-
ance and disappearance of snow. In autumn, there are usually multiple
snowfalls with interspersed thawing events that completely remove
snow cover. In spring, snow disappearance is more likely to be perma-
nent until the following autumn. Therefore, snow cover is likely to be
more stable in spring compared to autumn.

Snowshoe hares that occupied higher altitudes and latitudes
expressed winter coats for a longer time than their low latitude
(Grange, 1932, but see Zimova et al., 2019) and altitude conspecifics
(Holmgren et al., 2001; Nowak et al., 2020; Zimova, Giery, et al., 2020).
Also, increased snow cover in continental areas is likely to result in
hares living in these areas keeping their winter coats for longer than
hares in coastal areas. Snowshoe hares (Zimova et al., 2014) and least
weasels (Mustela nivalis nivalis; Atmeh et al., 2018) exhibit some pheno-
typic variation in moult timing in parts of their distribution during the
spring moult, when transitioning from white to brown, but not during
the autumn moult when transitioning from brown to white. Therefore,
seasonal coat colour change is expected to be a more synchronised
process in spring, in both start and end date, compared to autumn. This

could result in increased among year variation in spring moult timing
compared to autumn moult timing. This is the first long-term study
over a geographical area large enough to test these predictions.

Mountain hares express seasonal coat colour change in most of
their range, except the subspecies (L. t. hibernicus) found in Ireland
(Mills et al., 2018). It is a generalist herbivore inhabiting boreal and
alpine areas that occupy a wide range of climatic, latitudinal and
altitudinal gradients, experiencing large variations in winter snow
cover duration. They have a circumpolar distribution spread across
Europe and Asia from Britain, Ireland and the Faroe Islands in the
west to Japan in the east (Angerbjorn & Flux, 1995). They are native
to Norway and are found throughout the country with their distri-
bution ranging from sea level to around 1600 m, which is above the
tree line. Coastal areas in the south and south-west of Norway ex-
perience relatively short snow cover duration compared to inland
areas and areas in the north (Schuler et al., 2006) with coastal areas
in the south and south-west receiving as little as 1 month of snow
cover per year (Tallaksen et al., 2018). Additionally, coastal areas ex-
perience greater between-year variation in the depth and extent of
snow cover than inland areas (www.senorge.no).

Here we provide the first quantitative study of mountain hare
moult timing variation using 9 years of data collected at 678 camera
locations along an extensive geographic gradient in Norway. Proxi-
mate factors such as temperature, snow cover and forest cover may
affect moult timing. However, in this first attempt to explain moult
timing variation in Norwegian mountain hares, we focused on large-
scale geographic gradients in altitude, latitude and climate, which
may be the ultimate causes of moult timing variation. We utilised
a Bayesian multinomial logistic regression model to study (1) how
moult timing varied along broad-scale geographical gradients in al-
titude, latitude and climate and (2) how moult timing varied among
years and seasons. First, we used altitude, latitude and climatic zone,
distinguishing between coastal and continental climates, as indica-
tors of local geographical conditions we predicted that hares living
at high altitudes and latitudes and in continental climates would
keep their winter white coats for longer than their conspecifics at
low altitudes and latitudes and in coastal climates. Second, based
on previous snowshoe hare and least weasel studies, we predicted
that moult timing would be more synchronised among individuals in
spring, resulting in reduced population-level variation in moult start
and end, compared to autumn. Third, we predicted larger among
year variation in the timing of moult in spring compared to autumn.

2 | METHODS
2.1 | Datacollection

We utilised images from camera traps (Figure 1) that were deployed
by the SCANDCAM project (www.viltkamera.nina.no) to monitor
the Eurasian lynx (Lynx lynx) (Hofmeester et al., 2021). Camera traps
were deployed in multiple study areas in an extensive grid with ap-
proximately one camera per 50 km? grid cell (Figure 2). We selected
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CAMERA 1

FIGURE 1 Mountain hares in (a) white, (b) moulting and (c) brown coat colour stage captured by camera traps deployed in Norway by the

SCANDCAM project (© NINA).
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FIGURE 2 The location of 678 camera trap sites that recorded
a mountain hare observation during 2011-2019 (black circles). The
camera traps were deployed across an environmental gradient
within Norway by the SCANDCAM project, with latitudes varying
between 58° N and 69° N and altitudes varying between 0 and
841m above sea level.

all mountain hare records from the period between 10 January 2011
and 25 June 2019. Images containing mountain hares were recorded
at 678 locations across Norway (Figure 2), spanning a latitudinal gra-
dient from 58° N to 69° N and altitudes from O to 841 m above sea
level and climate zone PCA values were between -2.68 (coastal cli-
mate) and 2.86 (continental climate). To reduce pseudo-replication,
we discarded observations recorded within 60min of the previous
observation. Mountain hares and invasive European hares (Lepus
europaeus), which are also present in south-eastern Norway (Viken
County), were differentiated using the species descriptions con-
tained in Smith et al. (2018). When mountain hares were identified,
we estimated the proportion of the hares' coat (excluding the long
white belly) which was white. We classified moulting stage into three
categories modified from Zimova, Barnard, et al. (2020). (1) Hares
with 290% white fur were classified as ‘white’, (2) hares with <10%

white fur were classified as ‘brown’ and (3) all other hares were clas-
sified as ‘moulting’. All images were accessed on www.viltkamera.
nina.no and were visually classified by one of two observers. They
were quality-controlled whenever the observer was uncertain of the

classification.

2.2 | Covariates

We divided the year into two seasons, ‘spring’ and ‘autumn’. Spring
was defined as ordinal days 1-212 (1 January to 31 July in non-leap
years) and autumn for the rest of the year. Ordinal day 212 was cho-
sen as all mountain hares had moulted to their summer brown coats
by this date and had not started moulting back to winter white. Al-
titude and latitude were extracted based on camera trap positions.
We obtained altitude from a digital elevation model (DEM) with
50m? resolution (Korsnes, 2018) (Appendix Sla) using the raster
package's (Hijmans, 2022) extract function. We obtained climate
zone as a continuous variable with a resolution of 1km? from Bak-
kestuen et al. (2008) (Appendix S1b). We converted climate zone
vector data to a raster using the fasterize (version 1.0.4) package
(Ross, 2020). Bakkestuen et al. (2008) mapped climate zones by
conducting principal component analysis (PCA) using terrain data,
climatic data, hydrological data and geological data. A positive PCA
value indicates a continental climate whereas a negative value indi-
cates a coastal climate.

2.3 | Dataanalysis

We created two models, one for spring and one for autumn. We used
multinomial logistic regression to estimate the probability of a hare
being in moult category i (white, moulting or brown) on each ordinal
day d. We included year k-specific intercepts to test if moult timing

varied between years. The model used the following equation:

ea,-,(+ﬂ1,~><d+ﬁﬁ X0j+Pgi X+ 4 XC+5;;

ply =i)= A
1+ 2;—11 @Ui+P1i XA+ X0+ Py X+ 4iXC+S;
m=

85U8017 SUOWILLIOD BA11E81D) 3|qeot[dde auy) Aq peuenob ke S9oie YO ‘8sn JO s3I0} ARIqiT8UIIUQ AB|IM UO (SUOTHIPUOD-PUB-SWSH /W00 A8 | 1M Ake.q)1jBu 1 [UO//:SANy) SUORIPUOD pUe SWie | 8U18eS *[£202/0T/20] Uo ARigiTauliuo A|im ‘Bulupeed sustels Aq 8G0T €899/200T 0T/10p/LL00" A8 |IM Alelq iUl |uo//Sdny Wiolj pepeojumod ‘0T ‘€202 ‘85225102


http://viltkamera.nina.no
http://viltkamera.nina.no

STOKES ET AL.

40of9 WI LEy_Ecology and Evolution

Open Access,

where d is ordinal day, and a; Ii and o respectively, are the altitude,
latitude and climate zone at camera site j (as adapted from Zimova,
Giery, et al., 2020; Zimova et al., 2019). Parameters /31-4; represent the
slopes for the different covariates. We included a category i and year k
specific intercept a;, as well as a site-specific random intercept S toac-
count for repeated observations per camera site. The brown category
was set to 0 in both spring and autumn models to provide a baseline for
comparison with the moulting and white categories.

We implemented the models in a Bayesian framework using JAGS
(Denwood, 2016) called from R V4.1.3 (R Core Team, 2022) with the
jagsUI package (version 1.5.2) (Kellner, 2021). We standardised al-
titude, latitude and climate zone (mean=0, SD=1) before running
the models. Ordinal day was included as an explanatory covariate to
enable estimation of the probability of a hare being white, brown or
moulting between coats on specific days of the year. We checked for
collinearity between the covariates using both the variance inflation
factor (VIF) and Pearson correlation coefficient. For every covariate
combination, the Pearson values were below 0.6 (Appendix S2) and
VIF values were below 2.0 (Appendix S3).

We used uninformative, normally distributed priors with a mean
of 0 and precision of 0.01 for all slopes and the year k-specific in-
tercepts. For the site s random intercept, we used a mean of 0 and
a standard deviation defined as a vague prior with a uniform distri-
bution between O and 100. We ran the models with three chains
all thinned by 100 for 120,000 iterations, with a burn-in of 60,000

iterations. We confirmed model convergence using traceplots and

the Gelman-Rubin convergence statistic (R-hat) (Brooks & Gel-
man, 1998) with all variables used in the final models having R-hat
values of 1.10 or less. Additional models, in which the dataset was
subset to only include cameras located south of 61° N, were used to
test if model performance was affected by camera trap placement
north of this latitude. The results were consistent with those ob-
tained using the full dataset indicating that camera placement north
of 61° did not affect model performance.

We produced all figures using the ggplot2 (Wickham, 2016), raster
(Hijmans, 2022) and cowplot (Wilke, 2020) packages. When plotting
the correlation between the explanatory variables and moult timing
(Figures 3 and 5), the variables not being manipulated were set to
the mean value. Figures 3 and 4 give the probability of being white

compared to the combined probability of being brown or moulting.

3 | RESULTS

Between 2011 and 2019 a total of 9979 mountain hare observations
were obtained at 678 camera trap locations (Figure 2 and Appen-
dix S4). Of these observations, 7454 were recorded in ‘spring’ and
2525 were recorded in ‘autumn’. The number of camera traps de-
ployed across Norway increased throughout the study period, lead-
ing to an increase in the number of observations obtained in each
year (see Appendix S5 for location of traps that recorded observa-

tions in each year).
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FIGURE 3 Timing of spring and autumn moult giving the probability of mountain hares being white compared to the combined probability

of being brown or moulting at different altitudes (a), latitudes (b) and climate zones (c). Solid lines represent the predicted probability of
being white and shaded areas indicate the 95% credible intervals. Figures use the mean of all intercepts included in the final models. The
explanatory variables not plotted in each graph were set to the mean value.
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FIGURE 4 Prediction maps with (a) Ordinal day 105

(b) Ordinal day 135

a resolution of 1x 1km? giving the
probability of mountain hares being white
compared to the combined probability of
being brown or moulting across Norway
on ordinal days (a) 105 (15th April), (b)
135 (15th May), (c) 165 (14th June), (d)
255 (12th September), (e) 285 (12th
October) and (f) 315 (11th November).
The probability of being white was

(c) Ordinal day 165

predicted using the model output and
the environmental covariates contained
in every cell. See Appendix Sé6 for an
animated map containing every ordinal
day.
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FIGURE 5 Between year intercepts with 95% Cl for spring and autumn at mean altitude (257 m), latitude (61° N) and climatic zone.
Grey dots with 95% Cl represent the mean ordinal day on which 90% of hares are white (10% brown or moulting). Brown dots with 95% Cl
represent the mean ordinal day on which 90% of hares are brown (10% white or moulting). The supplemental information contains sample
sizes (Appendix S4), number of days between the midpoints (Appendix S7) and intercept beta values (Appendix S8).

The results from our models indicate that all three explanatory
covariates, altitude, latitude and climate zone, correlated with moult
timing in spring and autumn with none of the 95% credible intervals
(Cl) overlapping 0. We found strong evidence for hares keeping their
winter white coats for a longer duration at increased altitudes and
latitudes (Figure 3a,b). The probability of being white increased with
altitude in spring (8, , e = 1492, 95% (Cl)=1.309-1.673; Figure 3a)
and in autumn (ﬂz,white:0'870’ 95% Cl=0.639-1.117; Figure 3a).
Similarly, the probability of being white increased with latitude in
spring (/jS,white=2‘472’ 95% Cl=2.265-2.672; Figure 3b) and in au-
tumn (B3 ,nie =0.642, 95% Cl1=0.443-0.844; Figure 3b). Climate
zone had the smallest effect size in both spring and autumn. The

probability of being white decreased with an increasingly inland cli-
mate (increasing PCS values) in both spring (,b;‘white:—o.335, 95% ClI
-0.510 to -0.163; Figure 3c) and autumn (/;;Lwhite:—o.zsz 95% CI
-0.525 to -0.053; Figure 3c).

The 50% probability of being white occurred 27 days earlier in
spring and 23 days later in autumn at sea level, compared to 700m
above sea level (Figure 3a). Also, the 50% probability of being white
occurred 27 days earlier in spring and from brown to white 14 days
later in autumn at 59° N compared to 65° N (Figure 3b). Additionally,
the 50% probability of being white occurred 9 days earlier in spring
and 11days later in autumn in inland climates compared to coastal
climates (Figure 3c).
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Mountain hare moult timing varied across mainland Norway
(Figure 4). Starting in mid-winter moving into spring, there was
a travelling wave of moulting moving from lower to higher alti-
tudes and latitudes (see Appendix Sé for animated map containing
every ordinal day). The opposite effect was observed in autumn.
The altitudinal and latitudinal moult timing gradients show that
hares that inhabit mountainous areas and the north of Norway
kept their winter white coats for longer than their conspecifics
that inhabit low altitude and latitude areas. The model output in-
dicates that mountain hares in coastal areas moult later in spring
and earlier in autumn (Figure 3c). The prediction maps show that
hares in southern Norway's coastal areas moult earlier in spring
and later in autumn (Figure 4a,f), indicating that the effect of lat-
itude is stronger than the effect of climate zone. This is consis-
tent with the climate zone effect size being smaller than those
of altitude and latitude. Predictions for areas outside of camera
trap locations (Figure 2) should be interpreted with care as these
results are extrapolated.

Timing of spring and autumn moults varied slightly between
years (Figure 5). From 2013 onwards the 95% Cls are consistently
narrower in spring than in autumn, which probably results from in-
creased sample sizes in spring (Appendix S4). For the spring inter-
cepts, multiple years have non-overlapping Cls for 90% white, which
signifies the start of spring moulting, and 90% brown, which signifies
the end of spring moulting. For example, 2013 does not overlap with
2014 and 2017 does not overlap with 2018. For the autumn inter-
cepts, the brown Cls, signifying the start of autumn moulting, over-
lapped in most years. The Cls for 90% white, signifying the end of
autumn moulting, overlapped in all years. The time taken for moult-
ing in spring to finish, represented by the number of days between
90% of hares being white and 90% of hares being brown, ranged
between 46days in 2019 and 64days in 2013 and 2018 (Appen-
dix S7). The time taken for moulting to occur in autumn ranged be-
tween 38days in 2011 and 72days 2013. The autumn result should
be viewed with caution as 2011 and 2013 had limited sample sizes
(Appendix S4).

4 | DISCUSSION

We used camera trap by-catch observations to provide the first
guantitative assessment of how large-scale environmental variables
correlate with mountain hare moult timing. As predicted, hares at
higher altitudes and latitudes moulted later, from white to brown,
in spring and earlier, from brown to white, in autumn, keeping their
winter white coats for longer when compared to their lowland and
low latitude conspecifics. Contrary to our prediction, we found sup-
port for a slightly later spring moult and earlier autumn moult in
areas characterised by coastal climates rather than inland climates,
resulting in hares that live in areas with coastal climates keeping
their winter white coats for longer than their inland conspecifics.
The unexpected correlation between climate zone and moult
timing (Figure 3c) could result from variation explained by climate

zone also being partially explained by altitude (Pearson cor-
relation coefficient>0.5 in both seasons) and latitude (Pearson
correlation coefficient<-0.3 in both seasons; Appendix S2). Ad-
ditionally, all camera traps north of 63° N are close to the coast
(Figure 2) which may confound results. However, in southern Nor-
way there is a coastal to continental moult timing gradient shown
in the prediction maps (Figure 3a,f) indicating that the model
has captured a correlation between moult timing and climate.
Furthermore, it is likely that there will be increased variability in
moult timing in coastal climates as there is increased among year
variation in snow cover and duration compared to continental cli-
mates (Www.senorge.no).

The altitude (Figure 3a) and latitude (Figure 3b) results are
likely due to an expectation of longer snow cover duration at in-
creased altitudes and latitudes. These results are consistent with
previous studies of other mountain hare populations and other lag-
omorph species, which found that increased elevation correlated
with mountain hares keeping their winter coats for longer (Wat-
son, 1963) and increased latitude correlated with snowshoe hares
keeping their winter white coats for longer (Grange, 1932). How-
ever, Zimova et al. (2019) found no evidence of autumn moult timing
variation in snowshoe hares. Additionally, in spring, hares that lived
at high latitudes moulted to brown earlier than conspecifics at lower
latitudes. The correlations between moult timing and altitude and
latitude indicate that mountain hare populations have adapted to
local conditions, suggesting that gene flow between populations is
insufficient to dilute local adaptations. This is particularly true for
altitude as this variable can change significantly over a short geo-
graphic distance.

The non-overlapping Cls between some years in the spring moult
(Figure 5) indicate that there is some between year phenotypic
variation. However, the between year difference in moult timing
is small, which is consistent with photoperiod rather than climate
being the main driver of mountain hare moult timing (reviewed in
Zimova et al., 2018). This is consistent with similar studies conducted
on snowshoe hares (Mills et al., 2013; Zimova et al., 2014) and least
weasels (Atmeh et al., 2018), which found evidence of between year
phenotypic variation in spring, but not in autumn. The limited moult
timing variation may reduce fitness as an inability to change moult-
ing patterns in response to among year variation in snow extent and
duration will increase camouflage mismatch and, consequently, de-
crease survival probability (Zimova et al., 2016). We hypothesise that
behavioural responses to mismatch, such as micro-habitat patch se-
lection, changed diurnal activity patterns or manually removing win-
ter fur during the spring moult, could occur. Evidence of snowshoe
hares modifying their behaviour in response to being mismatched
is limited with one study suggesting that hares exhibit patch selec-
tion in response to pelage colour variation (Litvaitis, 1991) whilst one
other study found no evidence of behaviour modification (Zimova
et al., 2014). We are not aware of these hypotheses being investi-
gated in mountain hares.

Moult timing variation could result from population-level
phenotypic variation, individual-level phenotypic plasticity or a
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combination of both factors. As our methodology did not facilitate
monitoring specific individuals, we could not disentangle the relative
importance of population and individual-level variation. Observa-
tions were obtained at specific locations in multiple years (Appen-
dix S9). This makes it likely that some individuals were recorded in
multiple years, increasing the probability of individual phenotypic
plasticity influencing results. We obtained three times as many ob-
servations in spring compared to autumn (Appendix S4), which is
probably caused by increased hare activity patterns during the mat-
ing season (Pettigrew et al., 2021) and the spring dataset contain-
ing observations for 58 more days. This resulted in the intercept Cls
(Figure 5) being larger in autumn than in spring.

Understanding the role that environmental characteristics have
onmoulttimingis vital when assessing the impact that climate change
may have on species that express a seasonal coat colour change. Our
study sites span 1300km and 11 latitudinal degrees (58° N to 69° N),
from sea level to 841 m above sea level making this is the first study
that investigates moult phenology over a large, continuous climatic
gradient spanning three biomes (temperate forest, boreal forest and
alpine tundra). Analysing the correlation between the explanatory
variables and mountain hare moult timing will enable us to predict
how the species will react to climate change-induced reductions in
snow cover extent and duration. Future studies could also conduct
fine-scale analysis of the climate variables, including temperature
and snow cover, that correlate with moult timing. We plan to investi-

gate these issues in future papers.

AUTHOR CONTRIBUTIONS

Allan W. Stokes: Formal analysis (lead); methodology (equal); visu-
alization (lead); writing - original draft (lead); writing - review and
editing (equal). Tim R. Hofmeester: Conceptualization (supporting);
formal analysis (supporting); methodology (equal); visualization
(supporting); writing - review and editing (equal); funding aquisi-
tion (supporting). Neri H. Thorsen: Formal analysis (supporting);
methodology (equal); visualisation (supporting); writing - review
and editing (equal). John Odden: Conceptualisation (supporting);
methodology (equal); visualisation (supporting); Writing - review
and editing (equal); funding aquisition (supporting); funding aqui-
sition (equal). John D. C. Linnell: Conceptualisation (supporting);
methodology (equal); visualisation (supporting); writing - review
and editing (equal). Simen Pedersen: Conceptualization (lead);
funding acquisition (lead); methodology (equal); writing - review
and editing (equal).

ACKNOWLEDGEMENTS

We thank Hakon Bjgrnstad and Lina Lange for classifying camera
trap images. The project was supported by internal funding from
the Inland Norway University of Applied Sciences, Swedish Agricul-
tural University and Norwegian Institute for Nature Research. We
also thank Morten Odden for his support during the project's initial
stage, and the numerous volunteers who helped to maintain camera
traps. We would also like to thank the hundreds of colunteers you
have helped us in the field during the years of this study.

Ecology and Evolution 7 0f9
=t S YY) LEYy-L 7"

FUNDING INFORMATION

The study was conducted within the framework of the SCANDCAM
project (https://viltkamera.nina.no), and was supported by the Nor-
wegian Environment Agency, the Research Council of Norway (grant
281092), The Swedish Environmental Protection Agency, (Wildlife
Management Fund grant NV-2020-00088) and the Nature Protec-
tion Division of the County Governor's Office for Innlandet, Viken,
Vestfold, Telemark, Mgre og Romsdal, Trgndelag, Troms and Finn-
mark Counties.

CONFLICT OF INTEREST STATEMENT
We confirm that there are no conflicts of interest.

DATA AVAILABILITY STATEMENT

The dataset used for analysis including phenotypic and environmen-
tal data and the location where the observations were collected: Fig-
share, DOI: 10.6084/m9.figshare.22560340.

PERMISSION TO REPRODUCE MATERIALS

None.

ORCID
Allan W. Stokes
Tim R. Hofmeester

https://orcid.org/0000-0001-8758-1490
https://orcid.org/0000-0003-2101-5482
Neri H. Thorsen " https://orcid.org/0000-0002-3472-0546
John Odden "2 https://orcid.org/0000-0002-6275-8648
John D. C. Linnell "= https://orcid.org/0000-0002-8370-5633
Simen Pedersen "= https://orcid.org/0000-0002-9468-7098

REFERENCES

Acevedo, P, Jiménez-Valverde, A., Melo-Ferreira, J., Real, R., & Alves,
P. C. (2012). Parapatric species and the implications for climate
change studies: A case study on hares in Europe. Global Change
Biology, 18, 1509-1519.

Angerbjorn, A., & Flux, J. E. C. (1995). Lepus timidus. Mammalian Species,
495, 1-11.

Ashmore, G. M., & Janzen, F. J. (2003). Phenotypic variation in smooth
softshell turtles (Apalone mutica) from eggs incubated in constant
versus fluctuating temperatures. Oecologia, 134, 182-188.

Atmeh, K., Andruszkiewicz, A., & Zub, K. (2018). Climate change is af-
fecting mortality of weasels due to camouflage mismatch. Scientific
Reports, 8, 7648.

Bakkestuen, V., Erikstad, L., & Halvorsen, R. (2008). Step-less models for
regional environmental variation in Norway. Journal of Biogeography,
35, 1906-1922.

Bissonnette, T. H., & Bailey, E. E. (1944). Experimental modification and
control of molts and changes of coat-color in weasels by controlled
lighting. Annals of the New York Academy of Sciences, 45, 221-260.

Bradshaw, W. E., & Holzapfel, C. M. (2007). Evolution of animal photo-
periodism. Annual Review of Ecology, Evolution, and Systematics, 38,
1-25.

Brooks, S. P., & Gelman, A. (1998). General methods for monitoring
convergence of iterative simulations. Journal of Computational and
Graphical Statistics, 7, 434-455.

Coppack, T., & Pulido, F. (2004). Photoperiodic response and the adapt-
ability of avian life cycles to environmental change. In A. Moller, W.
Fiedler, & P. Berthold (Eds.), Birds and climate change (pp. 131-150).
Elsevier.

85U8017 SUOWILLIOD BA11E81D) 3|qeot[dde auy) Aq peuenob ke S9oie YO ‘8sn JO s3I0} ARIqiT8UIIUQ AB|IM UO (SUOTHIPUOD-PUB-SWSH /W00 A8 | 1M Ake.q)1jBu 1 [UO//:SANy) SUORIPUOD pUe SWie | 8U18eS *[£202/0T/20] Uo ARigiTauliuo A|im ‘Bulupeed sustels Aq 8G0T €899/200T 0T/10p/LL00" A8 |IM Alelq iUl |uo//Sdny Wiolj pepeojumod ‘0T ‘€202 ‘85225102


https://viltkamera.nina.no
https://doi.org/10.6084/m9.figshare.22560340
https://orcid.org/0000-0001-8758-1490
https://orcid.org/0000-0001-8758-1490
https://orcid.org/0000-0003-2101-5482
https://orcid.org/0000-0003-2101-5482
https://orcid.org/0000-0002-3472-0546
https://orcid.org/0000-0002-3472-0546
https://orcid.org/0000-0002-6275-8648
https://orcid.org/0000-0002-6275-8648
https://orcid.org/0000-0002-8370-5633
https://orcid.org/0000-0002-8370-5633
https://orcid.org/0000-0002-9468-7098
https://orcid.org/0000-0002-9468-7098

STOKES €T AL.

80of9 WI LEY-ECOIOgy and Evolution

Open Access,

Cott, H. B. (1940). Adaptive coloration in animals. Oxford University
Press.

Dawson, A., King, V. M., Bentley, G. E., & Ball, G. F. (2001). Photoperiodic
control of seasonality in birds. Journal of Biological Rhythms, 16,
365-380.

Denwood, M. (2016). Runjags: An R package providing interface utilities,
model templates, parallel computing methods and additional distri-
butions for MCMC models in JAGS. Journal of Statistical Software,
71,1-25.

Diefenbach, D. R., Rathbun, S. L., Vreeland, J. K., Grove, D., & Kanapaux,
W. J. (2016). Evidence for range contraction of snowshoe hare in
Pennsylvania. Northeastern Naturalist, 23, 229-248.

Flux, J. E. C. (1970). Colour change of mountain hares (Lepus timidus scoti-
cus) in north-East Scotland. Journal of Zoology, 162, 345-358.
Goldman, B. D. (1991). Mammalian photoperiodic system: Formal prop-
erties and neuroendocrine mechanisms of photoperiodic time mea-

surement. Journal of Biological Rhythms, 16, 283-301.

Grange, W. B. (1932). The pelages and color changes of the snowshoe
hare, Lepus americanus phaeonotus, Allen. Journal of Mammalogy, 13,
99-116.

Gwinner, E. (1996a). Circadian and circannual programmes in avian mi-
gration. The Journal of Experimental Biology, 199, 39-48.

Gwinner, E. (1996b). Circannual clocks in avian reproduction and migra-
tion. Ibis, 138, 47-63.

Gwinner, E. (2003). Circannual rhythms in birds. Current Opinion in
Neurobiology, 13, 770-778.

Hijmans, R. J. (2022). raster: Geographic data analysis and modeling.
Version 3.6-20.

Hofman, M. A. (2004). The brain's calendar: Neural mechanisms of
seasonal timing. Biological Reviews of the Cambridge Philosophical
Society, 79, 61-77.

Hofmeester, T. R., Thorsen, N. H., Cromsigt, J. P. G. M., Kindberg, J.,
Andren, H., Linnell, J. D. C., & Odden, J. (2021). Effects of camera-
trap placement and number on detection of members of a mamma-
lian assemblage. Ecosphere, 12, e03662.

Holmgren, N., Jénsson, P., & Wennerberg, L. (2001). Geographical varia-
tion in the timing of breeding and moult in dunlin Calidris alpina on
the Palearctic tundra. Polar Biology, 24, 369-377.

Imperio, S., Bionda, R., Viterbi, R., & Provenzale, A. (2013). Climate
change and human disturbance can lead to local extinction of
Alpine rock ptarmigan: New insight from the Western Italian Alps.
PLoS One, 8, €81598.

Jackes, A.D., & Watson, A. (1975). Winter whitening of Scottish Mountain
hares (Lepus timidus scoficus) in relation to daylength, temperature
and snow-lie. Journal of Zoology, 176, 403-409.

Kellner, K. (2021). jagsUI: A wrapper around ‘rjags’ to streamline JAGS’ anal-
yses. Version 1.5.2.

Korsnes, A. (2018). DTM 50. Kartverket. https://kartkatalog.geonorge.
no/metadata/dtm-50/e25d0104-0858-4d06-bba8-d154514c11d2

Kreyling, J., Puechmaille, S. J., Malyshev, A. V., & Valladares, F. (2019).
Phenotypic plasticity closely linked to climate at origin and result-
ing in increased mortality under warming and frost stress in a com-
mon grass. Ecology and Evolution, 9, 1344-1352.

Larkin, J. E., Freeman, D. A., & Zucker, I. (2001). Low ambient tempera-
ture accelerates short-day responses in Siberian hamsters by alter-
ing responsiveness to melatonin. Journal of Biological Rhythms, 16,
76-86.

Lesher, S. W., & Kendeigh, S. C. (1941). Effect of photoperiod on molting
of feathers. Wilson Ornithological Society, 53, 169-180.

Litvaitis, J. A. (1991). Habitat use by snowshoe hares, Lepus americanus,
in relation to pelage color. The Canadian Field-Naturalist, 105,
275-277.

Lyman, C. P. (1943). Control of coat color in the varying hare Lepus amer-
icanus erxleben. Bulletin of the Museum of Comparative Zoology at
Harvard College, 93, 393-466.

Merilaita, S., & Lind, J. (2005). Background-matching and disruptive col-
oration, and the evolution of cryptic coloration. Proceedings of the
Royal Society B: Biological Sciences, 272, 665-670.

Mills, L. S., Bragina, E. V., Kumar, A. V., Zimova, M., Lafferty, D. J. R.,
Feltner, J., Davis, B. M., Hacklander, K., Alves, P. C., Good, J.
M., Melo-Ferreira, J., Dietz, A., Abramov, A. V., Lopatina, N., &
Fay, K. (2018). Winter color polymorphisms identify global hot
spots for evolutionary rescue from climate change. Science, 359,
1033-1036.

Mills, L. S., Zimova, M., Oyler, J., Running, S., Abatzoglou, J. T., & Lukacs,
P. M. (2013). Camouflage mismatch in seasonal coat color due to
decreased snow duration. Proceedings of the National Academy of
Sciences of the United States of America, 110, 7360-7365.

Nowak, K., Berger, J., Panikowski, A., Reid, D. G., Jacob, A. L., Newman,
G., Young, N. E., Beckmann, J. P., & Richards, S. A. (2020). Using
community photography to investigate phenology: A case study of
coat molt in the mountain goat (Oreamnos americanus) with missing
data. Ecology and Evolution, 10, 13488-13499.

Pedersen, S., Odden, M., & Pedersen, H. C. (2017). Climate change in-
duced molting mismatch? Mountain hare abundance reduced by du-
ration of snow cover and predator abundance. Ecosphere, 8, €01722.

Pettigrew, G. W., Di Vita, V., Pettigrew, M., & Gilchrist, J. S. (2021).
The diel activity pattern of mountain hare (Lepus timidus) on man-
aged heather moorland in Scotland. Ecology and Evolution, 11,
7106-7113.

R Core Team. (2022). R: A language and environment for statistical comput-
ing. Version 4.1.3. R Foundation for Statistical Computing.

Ross, N. (2020). fasterize: Fast polygon to raster conversion. Version 1.0.4.

Schuler, D. V., Beldring, S., Ferland, E. J., Roald, L. A., & Skaugen, T. E.
(2006). Snow cover and snow water equivalent in Norway - Current
conditions (1961-1990) and scenarios for the future (2071-2100).
Norwegian Meteorological Institute Report 01/2006.

Smith, A. T., Johnston, C. H., Alves, P. C., & Hacklander, K. (2018).
Lagomorphs: Pikas, rabbits, and hares of the world (pp. 159-222).
Johns Hopkins University Press.

Sultaire, S. M., Pauli, J. N, Martin, K. J., Meyer, M. W., Notaro, M., &
Zuckerberg, B. (2016). Climate change surpasses land-use change
in the contracting range boundary of a winter-adapted mam-
mal. Proceedings of the Royal Society B: Biological Sciences, 283,
20153104.

Tallaksen, L. M., Gisnas, K., Stagge, J. H., Nilsen, I. B., & Rizzi, J. (2018).
Five decades of warming: Impacts on snow cover in Norway.
Hydrology Research, 49, 670-688.

Villellas, J., Berjano, R., Terrab, A., & Garcia, M. B. (2014). Divergence
between phenotypic and genetic variation within populations of a
common herb across Europe. Ecosphere, 5, Article 56.

Wallace, A. R. (1879). The protective colours of animals. In R. Brown (Ed.),
Science for all (pp. 128-137). Cassell, Petter, Galpin.

Wang, G., Hobbs, N. T., Galbraith, H., & Giesen, K. M. (2002). Signatures
of large-scale and local climates on the demography of white-
tailed ptarmigan in Rocky Mountain National Park, Colorado, USA.
International Journal of Biometeorology, 46, 197-201.

Watson, A. (1963). The effect of climate on the colour changes of
mountain hares in Scotland. Proceedings of the Zoological Society of
London, 141, 823-835.

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Version
3.4.2. Springer-Verlag.

Wilke, C. O. (2020). cowplot: Streamlined plot theme and plot annotations
for ‘ggplot2’. Version 1.1.1.

Williams, C. M., Henry, H. A., & Sinclair, B. J. (2015). Cold truths: How
winter drives responses of terrestrial organisms to climate change.
Biological Reviews, 90, 214-235.

Zimova, M., Barnard, L. S., Davis, B. M., Kumar, A. V,, Lafferty, D. J. R.,
& Mills, L. S. (2020). Using remote cameras to measure seasonal
molts. Ecosphere, 11, e03084.

85U8017 SUOWILLIOD BA11E81D) 3|qeot[dde auy) Aq peuenob ke S9oie YO ‘8sn JO s3I0} ARIqiT8UIIUQ AB|IM UO (SUOTHIPUOD-PUB-SWSH /W00 A8 | 1M Ake.q)1jBu 1 [UO//:SANy) SUORIPUOD pUe SWie | 8U18eS *[£202/0T/20] Uo ARigiTauliuo A|im ‘Bulupeed sustels Aq 8G0T €899/200T 0T/10p/LL00" A8 |IM Alelq iUl |uo//Sdny Wiolj pepeojumod ‘0T ‘€202 ‘85225102


https://kartkatalog.geonorge.no/metadata/dtm-50/e25d0104-0858-4d06-bba8-d154514c11d2
https://kartkatalog.geonorge.no/metadata/dtm-50/e25d0104-0858-4d06-bba8-d154514c11d2

STOKES €T AL.

Zimova, M., Giery, S. T., Newey, S., Nowak, J. J., Spencer, M., & Mills,
L. S. (2020). Lack of phenological shift leads to increased camou-
flage mismatch in mountain hares. Proceedings of the Royal Society
B: Biological Sciences, 287, 20201786.

Zimova, M., Hacklander, K., Good, J. M., Melo-Ferreira, J., Alves, P. C., &
Mills, L. S. (2018). Function and underlying mechanisms of seasonal
colour moulting in mammals and birds: What keeps them changing
in a warming world? Biological Reviews, 93, 1478-1498.

Zimova, M., Mills, L. S., Lukacs, P. M., & Mitchell, M. S. (2014). Snowshoe
hares display limited phenotypic plasticity to mismatch in seasonal
camouflage. Proceedings of the Royal Society B: Biological Sciences,
281,20140029.

Zimova, M., Mills, L. S., & Nowak, J. J. (2016). High fitness costs of climate
change-induced camouflage mismatch. Ecology Letters, 19, 299-307.

Zimova, M., Sirén, A. P. K., Nowak, J. J., Bryan, A. M., lvan, J. S., Morelli,
T.L., Suhrer, S. L., Whittington, J., Mills, L. S., & Morellato, P. (2019).
Local climate determines vulnerability to camouflage mismatch in
snowshoe hares. Global Ecology and Biogeography, 29, 503-515.

Ecology and Evolution 90of9
=t S YY) LEYy 2"

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Stokes, A. W., Hofmeester, T. R.,
Thorsen, N. H., Odden, J., Linnell, J. D. C., & Pedersen, S.
(2023). Altitude, latitude and climate zone as determinants
of mountain hare (Lepus timidus) coat colour change. Ecology
and Evolution, 13, €10548. https://doi.org/10.1002/
ece3.10548

85U8017 SUOWILLIOD BA11E81D) 3|qeot[dde auy) Aq peuenob ke S9oie YO ‘8sn JO s3I0} ARIqiT8UIIUQ AB|IM UO (SUOTHIPUOD-PUB-SWSH /W00 A8 | 1M Ake.q)1jBu 1 [UO//:SANy) SUORIPUOD pUe SWie | 8U18eS *[£202/0T/20] Uo ARigiTauliuo A|im ‘Bulupeed sustels Aq 8G0T €899/200T 0T/10p/LL00" A8 |IM Alelq iUl |uo//Sdny Wiolj pepeojumod ‘0T ‘€202 ‘85225102


https://doi.org/10.1002/ece3.10548
https://doi.org/10.1002/ece3.10548

	Altitude, latitude and climate zone as determinants of mountain hare (Lepus timidus) coat colour change
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Data collection
	2.2|Covariates
	2.3|Data analysis

	3|RESULTS
	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	PERMISSION TO REPRODUCE MATERIALS
	REFERENCES


